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T helper 1 (Th1)-Th2 cell balance is key to host
defense and its dysregulation has pathophysiological
consequences. Basophils are important in Th2 cell
differentiation. However, the factors controlling the
onset and extent of basophil-mediated Th2 cell differ-
entiation are unknown. Here, we demonstrate that
Lyn kinase dampened basophil expression of the
transcription factor GATA-3 and the initiation and
extent of Th2 cell differentiation. Lyn-deficient mice
had a marked basophilia, a constitutive Th2 cell
skewing that was exacerbated upon in vivo challenge
of basophils, produced antibodies to a normally inert
antigen, and failed to appropriately respond to a Th1
cell-inducing pathogen. The Th2 cell skewing was
dependent on basophils, immunoglobulin E, and
interleukin-4, but was independent of mast cells.
Our findings demonstrate that basophil-expressed
Lyn kinase exerts regulatory control on Th2 cell differ-
entiation and function.
INTRODUCTION
T helper 1 (Th1)-Th2 cell balance leads to an appropriate immune
response tailored to the type of infectious pathogen. Th1 cell
responses, induced by some bacterial or viral infections, are
driven by interleukin-12 (IL-12) and the transcription factors
Stat4 and T-bet (Lighvani et al., 2001; Szabo et al., 2000). Th2
cell differentiation, which is predominantly associated with infec-
tion by parasitic worms, is driven by cytokines such as IL-4, IL-5,
IL-13, IL-18, and IL-33. There is considerable evidence that
thymic stromal lymphopoietin (TSLP) is also required for Th2
cell-mediated immunity. The transcription factors GATA-3,
c-maf, and NFATc are known to control Th2 cell differentiation
(Neurath et al., 2002; Zhu et al., 2006). Impairment of Th1 or
Th2 cell responses results in the failure to clear pathogens
(Kawakami, 2003) and can also cause an inappropriate responseto an otherwise innocuous antigen, resulting in allergies (Capron
et al., 2004). Therefore, the differentiation of T cells into their
effector subsets is a topic of intensive study with considerable
therapeutic implications andmuch is known about the molecular
factors that drive T cell differentiation (Neurath et al., 2002; Zhu
et al., 2006). However, beyond the role of dendritic cells, much
less is known about the cell types that can cause T cell differen-
tiation, and in particular Th2 cell differentiation. Identifying which
cell types and what molecules might be responsible for dysregu-
lation of Th2 cell responses would provide knowledge that could
be beneficial toward controlling these responses.
Although basophils have long been considered as redundant
‘‘circulating mast cells,’’ a considerable body of literature has
argued for a distinct role of basophils in both humans and mice
(Poorafshar et al., 2000; Schroeder et al., 2001). In mice, only
basophils and mast cells are known to constitutively express
the high-affinity receptor Fc3RI for immunoglobulin E (IgE).
When sensitized with allergen-specific IgE and subsequently
challenged with allergen, both of these cell types are able to de-
granulate, releasing proinflammatory allergic mediators, and to
neosynthesize and secrete a wide variety of cytokines (DeLisi
and Siraganian, 1979; Segal et al., 1977). Recent mouse studies
reveal that basophils are important in promoting allergen-
induced Th2 cell differentiation and in enhancing humoral
memory immune responses (Denzel et al., 2008; Sokol et al.,
2008). These cells also have a primary role in IgG-mediated
systemic anaphylaxis and in IgE-mediated chronic allergic
inflammation (Mukai et al., 2005; Tsujimura et al., 2008). In
humans, the basophil has long been associated with allergic
inflammation in chronic disease (Schroeder et al., 2001), and
both human and mouse basophils are able to produce large
amounts of Th2 cell-promoting cytokines, like IL-4 and TSLP
(Poorafshar et al., 2000; Schroeder et al., 2001). However, the
mechanism(s) by which basophils may govern the onset and
extent of Th2 cell responses has not been explored.
The Src family tyrosine kinase Lyn is important in linking Fc3RI
stimulation with basophil responses (Schroeder et al., 2001). Lyn
is expressed in most hematopoietic cells, but not in T cells
(Yamanashi et al., 1989). In mice, the absence of Lyn leads to
a late life autoimmune phenotype with characteristics ofImmunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc. 533
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Lyn Kinase in Th2 Cell DifferentiationFigure 1. Lyn/ Mice Develop Peripheral
Basophilia
(A–C and E) Flow cytometric analysis of basophil
content (defined as Fc3RI+c-KitCD11b+CD49b+
cells) in blood (leukocytes), peritoneal lavage
(PL), and bone marrow (BM).
(A) Basophil content in the blood of WT (n = 44),
Lyn+/ (n = 14), and Lyn/ (n = 31) mice.
(B) Basophil content in PL of WT (n = 39), Lyn+/
(n = 14), and Lyn/ (n = 24) mice.
(C) Basophil content in BM of WT (n = 41), Lyn+/
(n = 10), and Lyn/ (n = 28) mice.
(D) Absolute number of basophils per ml of blood
in WT (n = 13) and Lyn/ (n = 13) mice was deter-
mined by direct cell counting.
(E) Blood basophil content in WT and Lyn/mice
from different genetic backgrounds (B6.129,
mixed background 129Sv to C57BL/6, N6):
B6.129 WT, n = 44; B6.129 Lyn/, n = 31;
C57BL/6 WT, n = 10; C57BL/6 Lyn/, n = 8;
129Sv WT, n = 10; 129Sv Lyn/: n = 11.
Data are reported as amean ± SEM; ns., not signif-
icant; *p < 0.05, **p < 0.01, ***p < 0.001.systemic lupus erythmatosus (SLE) (Hibbs et al., 1995; Nishizumi
et al., 1995), suggesting that it plays a key role in tolerance.
Lyn-deficient mice also have high concentrations of serum
immunoglobulins (including autoantibodies) and their B cells
are hyperresponsive to IL-4 and CD40 engagement (Hibbs
et al., 1995; Janas et al., 1999; Nishizumi et al., 1995). Interest-
ingly, the SLE phenotype is preceded by an atopic allergic-like
manifestation in these mice (Janas et al., 1999; Odom et al.,
2004).
Because of the allergic-like phenotype of Lyn/ mice, we
sought to identify the cell population and the factor(s) respon-
sible for this phenotype and to determine how the loss of Lyn
contributes to increased hypersensitivity. Our findings show
that Lyn controls the expression of GATA-3 in basophils govern-
ing the onset and extent of Th2 cell differentiation.
RESULTS
Basophils Express Lyn Kinase and Lyn Deficiency
Causes Peripheral Basophilia
Murine basophils are poorly granulated Fc3RI+KitCD11b+
CD49b+ cells (Mukai et al., 2005) with a polymorphic nucleus
and are known to express mMCP-8 as a protease specific to
this cell lineage (Figures S1A–S1E available online; Poorafshar
et al., 2000). Characterization of basophils from the blood,
bone marrow, and peritoneum revealed some differences in
expression of cell-surface markers (i.e., higher expression of
CD49b in blood and bone marrow basophils) and in granule
proteases (almost no expression of protease transcripts in peri-
toneal basophils), and differences in the profile of Src family
kinase transcripts (see Table S1 for RT-PCR primers used).
Despite the absence of mMCP-8 expression by peritoneal baso-
phils, their phenotypic features suggested a basophil-like cell
and all the defined basophil populations expressed transcripts
and protein for Lyn kinase (Figures S1D and S1E).534 Immunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc.Analysis ofwild-type littermates (WT), Lyn heterozygote (Lyn+/),
or Lyn null (Lyn/) mice revealed an increased proportion of
basophils in the blood of Lyn/mice (Figure 1A) and in the peri-
toneal lavage (PL) (Figure 1B), but a normal percentage was
found in the bone marrow (BM) (Figure 1C) when compared to
WT and Lyn+/ mice. The absolute numbers of blood basophils
increased by approximately 50% (Figure 1D). The modest
amount of Lyn (30% of normal) found in the Lyn+/ cells
(Figures S2A and S2B) was sufficient to reverse the peripheral
basophilia (Figures 1A–1C). As previously described (Hibbs
et al., 1995; Nishizumi et al., 1995; Odom et al., 2004), IgE
concentrations were significantly increased in Lyn/ mice
compared to WT mice. This was reversed (and dampened) by
the reduced amounts of Lyn expressed in Lyn+/ mice
(Figure S2C). Collectively, the data suggested a dominant role
of Lyn as a negative regulator of basophil growth in vivo and as
having both a positive and negative role in IgE production. In
mast cells, Lyn was described to have a positive or negative
role depending on the genetic background of the mice from
which cells are derived (Yamashita et al., 2007). In contrast,
the basophilia observed in the absence of Lyn was independent
of the genetic background (Figure 1E), demonstrating a dominant
role for Lyn in this phenotype.
Lyn Is a Negative Regulator of Basophil Proliferation
The absence of basophilia in the bone marrow of Lyn/ mice
suggested that Lyn was likely involved in basophil proliferation
rather than their differentiation. Thus, we monitored the appear-
ance and proliferation of basophils from BM and PL cultures
derived fromWTor Lyn/mice. Culturing of these cells revealed
a large Fc3RI+c-KitCD11b+CD49b+ cell population that fit the
criteria for basophils (Figure 2A; Figure S1). The identity of sorted
BM-derived cells as basophils was confirmed by mMCP-8
expression both at the mRNA and the protein levels
(Figure S1C and data not shown). To directly determine whether
Immunity
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from Lyn/ versus WT mice, we performed CFSE staining of
BM-derived basophils and found an enhanced proliferation in
the absence of Lyn (Figure 2B). Both BM-derived and PL-derived
basophils were more abundant in Lyn/ than in WT cultures
(Figures 2C and 2D). However, the disappearance of basophils
from both types of cultures showed the same kinetics. The find-
ings demonstrate that the absence of Lyn enhances basophil
proliferation and not their survival.
Lyn Deficiency Enhances Basophil IL-4 Production
but Suppresses Degranulation
In mast cells, Lyn deficiency enhances the secretion of various
cytokines including IL-4, IL-6, and TNF-a (Hernandez-Hansen
et al., 2005; Xiao et al., 2005; Yamashita et al., 2007). Therefore,
we investigated whether Lyn deficiency in basophils caused
dysregulation of cytokine responses. Analysis of cytokine
production in BM-derived basophils showed that Lyn/ baso-
phils were more potent producers of IL-4 and IL-6, but not of
TNF-a, than their WT counterparts (Figures 3A and 3B; Figures
S3A and S3B).
These experiments suggested that blood basophils obtained
directly from Lyn/ mice should produce higher amounts of
IL-4 relative to their WT counterparts. By using an ex vivo stimu-
lation protocol with anti-IgE (Figure S4A and Experimental
Procedures), we tested this hypothesis and found that Lyn/
blood basophils produced approximately 3-fold greater
Figure 2. Lyn Deficiency Enhances Baso-
phil Proliferation
(A) Flow cytometric analysis of Lyn/ bone
marrow (BM) cells in culture. Mast cells were iden-
tified as Fc3RI+c-Kit+ cells, and basophils as
Fc3RI+c-KitCD11b+CD49b+ cells. One represen-
tative of 12 experiments.
(B) Proliferation of bone marrow-derived cultured
basophils from WT or Lyn/ mice (at day 9 of
culture) determined by CFSE staining over 96 hr
as analyzed by flow cytometry. One representative
of three experiments.
(C and D) Flow cytometry analysis of basophil
appearance in BM (C) (n = 5) or PL (D) (n = 12) cells
cultures fromWT (closed circles) and Lyn/ (open
diamond) mice. Statistical analysis was by one-
way ANOVA and a paired two-tailed Student’s
t test for each time point (mean ± SEM). *p < 0.05,
**p < 0.01.
amounts of IL-4 (Figure 3C). Normaliza-
tion to the absolute number of basophils
present in the blood showed that Lyn/
basophils produced more IL-4 on a per
cell basis (Figure 3D). Although T cells
do not express Lyn kinase (Yamanashi
et al., 1989), they have been described
as an important source of IL-4. Anti-CD3
and anti-CD28 treatment of naive T cells
from blood induced low amounts of IL-4
production, relative to the basophil-
derived IL-4, and no significant differ-
ences were seen between T cells from WT or Lyn/ mice in
this acute challenge (Figures S3C and S3D). Thus, Lyn/ baso-
phils have an enhanced ability to produce IL-4.
Because mast cells are not present in the blood (Figure S4C),
we measured the total amount of histamine in the blood (in both
cells and plasma) of IgE-sensitized WT and Lyn/mice (prior to
ex vivo challenge), which should be primarily derived from baso-
phils. An increased total blood histamine content was observed
in Lyn/ mice, which correlated with their basophilia
(Figure S4D). However, normalization to absolute numbers
demonstrated an equal amount of histamine per basophil,
regardless of genotype (Figure S4E). Unexpectedly, ex vivo
anti-IgE stimulation of IgE-sensitized Lyn/ basophils did not
cause significant histamine release, on a per cell basis, when
compared to WT basophils (Figure S4F). Thus, although the
total blood (cells and plasma) content of histamine is elevated
in Lyn/mice, the ability of blood basophils to release histamine
in response to Fc3RI stimulation is considerably reduced in the
absence of Lyn.
Early and Inappropriate Onset of Th2 Cell Responses
in Lyn/ Mice
To explore the effect of Lyn deficiency on the induction of Th2
cell responses, a protease allergen (papain) challenge model
that was previously demonstrated to elicit a basophil-specific
induction of Th2 cells (Sokol et al., 2008) was used. Given that
Lyn/ basophils produced more IL-4 than their WTImmunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc. 535
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mice in this particular model. Indeed, Lyn/ mice showed an
early onset of the Th2 cell responses with detectable amounts
of papain-specific IgE production as early as 7 days after immu-
nization (Figure 4A; Figure S5B). Although the maximal papain-
specific IgE production was lower than for WT mice, this was
probably due to the high amounts of total IgE produced in
Lyn/ mice, which exceeded the stimulated IgE production of
WT mice by almost 3-fold (Figure S5A). Dysregulation of Th2
cell responses was also supported by the detection of TSLP
only in the serum of Lyn/ mice immunized with papain, which
correlated with the early onset of papain-specific IgE production
(Figure 4B). Moreover, a modest production of IgE to human
serum albumin (HSA) was observed in Lyn/ mice whereas
HSA was previously described to be inert for IgE production in
WT mice (Sokol et al., 2008), as confirmed herein (Figures 4A
and 4C; Figure S5A). HSA immunization did not elicit a detectable
increase in TSLP for WT or Lyn/mice (Figure 4B). Because the
amounts of IL-4 in the serum of papain-immunized mice could
not be measured, we generated mice deficient for both IL-4
and Lyn kinase (Il4/Lyn/) to assess the role of this cytokine
in the context of Lyn deficiency. Peripheral basophilia was still
observed in these mice (Figure 4D). After papain immunization
of Il4/Lyn/mice, a delayed onset and a poor papain-specific
IgE production was observed (Figure 4E). TSLP was not de-
tected in the serum (data not shown) and, relative to WT mice,
total IgE production was severely impaired (Figure S5C). To
exclude the potential involvement of mast cell IL-4 production
Figure 3. The Production of IL-4 Is
Enhanced in Lyn/ Blood Basophils and
Bone Marrow-Derived Cultured Basophils
(A and B) Cultured BM cells were sensitized with
IgE anti-DNP at day 7 of culture. The next day,
cells were stimulated (black line) or not (gray line)
for 4 hr with 50 ng/ml of DNP-HSA in presence of
10 mM monensin. Cells were labeled for the
indicated surfacemarkers, then fixed and permea-
bilized, and intracellular cytokines were detected
with fluorescent anti-mouse-IL-4.
(B) Fold induction is the ratio of themedian fluores-
cence intensity of the studied cytokine in stimu-
lated cells versus unstimulated cells (n = 16).
(C) Ex vivo basophil stimulation with anti-IgE or
isotype control IgG for 4 hr with blood samples
from IgE-sensitized WT or Lyn/ mice (n = 10
for each indicated group, as described in
Figure S4). Plasma was then collected and the
concentration of IL-4 was determined by ELISA.
(D) Aliquots of the blood from the same mice used
in (C) were used to determine absolute number of
basophils/ml. Data are expressed as the amount
of IL-4 (pg) per 103 basophils.
(B–D) Statistical analysis was by an unpaired two-
tailed Student’s t test (mean ± SEM). *p < 0.05.
in the onset of papain-specific IgE
production, we papain-immunized mast
cell-deficient mice (WSh/WSh) mice and
found that they produced normal
amounts of papain-specific IgE, albeit
with a modest delay in onset relative to their WT littermates (Fig-
ure S5D). Thus, Lyn deficiency leads to an inappropriate and
early onset of Th2 cell responses.
The Th2 Cellular Response of Lyn/ Mice Is IL-4, IgE,
and Basophil Dependent
We next explored whether the basophilia in Lyn/ mice was
associated with Th2 cell differentiation in the absence of an
exogenous challenge. Splenocytes were isolated from unchal-
lenged WT and Lyn/ mice and CD4+ T cells were analyzed
for intracellular IL-4 and IFN-g. This revealed a 2- to 5-fold
increase in IL-4-producing CD4+ T cells in Lyn/ versus WT
mice (Figures 5A and 4B). After a 4 hr stimulation with PMA
and ionomycin, the fraction of IL-4-producing CD4+ T cells was
markedly enhanced (Figures 5A and 5B) and an increase in
IFN-g-producing CD4+ T cells was also observed, suggesting
a general hyperreactivity. Importantly, however, no IFN-g
production was observed in the absence of this nonspecific
stimulus (Figure 5A; Figure S6A). Moreover, the Th2 cell skewing
was strictly dependent on IL-4 and IgE, because Il4/ Lyn/
and Igh-7/Lyn/ mice failed to show a spontaneous Th2
cell differentiation (Figure S7 and Figure 5C, respectively),
although these mice developed peripheral basophilia to a similar
extent as Lyn/mice (Figure S6B and Figure 4D). IFN-g produc-
tion by CD4+ T cells after PMA and ionomycin stimulation of
Igh-7/Lyn/ splenocytes was also observed (Figure S6C).
These findings demonstrate the requirement for IgE in the consti-
tutive Th2 cell skewing of CD4+ T cells from Lyn/ mice and536 Immunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc.
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Lyn Kinase in Th2 Cell DifferentiationFigure 4. Lyn Deficiency Causes an Early
and Inappropriate Onset of IL-4-Dependent
Th2 Responses
(A) Papain-specific IgE production in the serum of
WT and Lyn/mice in response to (papain) immu-
nization. Experiment shown in (A) is representative
of four independent experiments (compiled data in
Figure S5B); n = 3 (mice), for each indicated group
per experiment.
(B) TSLP levels measured in the serum of WT and
Lyn/ mice from experiment shown in (A) (n = 3
per group).
(A and B) Immunization with HSA was done as an
inert control that does not elicit IgE responses in
WT mice.
(C) HSA-specific IgE production in the serum of
WT and Lyn/ mice in response to HSA immuni-
zation. Arbitrary units correspond to the absor-
bance at 450 nm normalized to the background
values of the ELISA. Experiment shown is repre-
sentative of four independent experiments with
an n = 3 mice in the indicated groups per experi-
ment.
(D) Peripheral basophilia in Il-4/-Lyn/ double-
deficient mice (n = 48) compared to WT mice
(n = 48) as determined by flow cytometry of blood samples. Graph shows statistical analysis by an unpaired two-tailed Student’s t test (mean ± SEM). ***p < 0.001.
(E) Papain-specific IgE production in the serum of WT and Il-4-Lyn/ mice in response to (papain) immunization.further reveal the enhanced Th2 cell differentiation potential of
T cells derived from Lyn/ mice relative to WT mice.
To directly address whether basophils were key in the Th2 cell
skewing of Lyn/mice, we depleted basophils from these mice
by using a modified protocol from that previously described
(Sokol et al., 2008) (see Experimental Procedures). Depletion in
the blood and bone marrow reached at least 90% at 6 days after
first injection (Figure S8A and data not shown). The almost
complete absence of basophils led to a rescue of the constitutive
Th2 cell skewing in Lyn/ mice (Figure 5D), demonstrating that
this phenotype was strictly dependent on basophils. To further
test the involvement of basophils and Lyn in Th2 cell differentia-
tion, we generated mast cell and Lyn double-deficient mice
(WSh/WSh Lyn/) in order to selectively stimulate only basophils
in vivo via Fc3RI. Without mast cells, IgE antibody-dependent
anaphylaxis does not occur nor do basophils contribute
substantially to this response (Martin et al., 1989; Tsujimura
et al., 2008; Zhou et al., 2007).WSh/WSh Lyn/mice developed
a peripheral basophilia like Lyn/ mice (Figure S6B) and
showed the spontaneous TH2 cell skewing of CD4
+ T cells
when compared to WSh/WSh mice (Figure S6D), as well as
general hyperactivity of T cells upon PMA and ionomycin restim-
ulation (Figures S6D and S6E). A systemic injection (i.v.) of rat
anti-mouse IgE in the control WSh/WSh led to increased CD4+
(IL-4+) T cells (Figures 5E and 5F) similar to the constitutive skew-
ing in unchallenged Lyn/ mice (Figures 5A and 5B). Challenge
of WSh/WSh Lyn/ mice in the same manner caused a marked
Th2 cell skewing (Figures 5E and 5F) that was 3- to 4-fold higher
than observed in unchallenged Lyn/mice (Figures 5A and 5B).
Hence, in vivo stimulation of basophils selectively initiates Th2
cell differentiation in the mouse. PMA and ionomycin stimulation
of CD4+ T cells from both WSh/WSh and WSh/WSh -Lyn/
showed even a greater enhancement of Th2 cell responses
(IL-4 production) proportional to the presence or absence ofLyn (Figures 5E and 5F), as described above for T cells from
WT and Lyn/ mice. This was not limited to IL-4-producing
CD4+ T cells but was also seen for IL-13 production
(Figure S7). Similarly, Th1 responses were also increased after
this nonspecific stimulation in all genotypes, in a basophil-inde-
pendent manner (Figures S6F, S8C, and S8D). Thus, Fc3RI stim-
ulation of basophils leads to selective Th2 differentiation and the
extent of this response is tightly controlled by Lyn kinase.
Increased GATA-3 Expression in Lyn-Deficient
Basophils Is Associated with IL-4 Production
To address the issue of what factorsmight control the potent Th2
cell skewing ability of Lyn/ basophils, we investigated whether
the loss of Lyn led to changes in key differentiation factors that
are pivotal for Th2 cell differentiation and IL-4 production (Zhu
et al., 2006). Assessment of the mRNA amounts of various Th2
transcription factors in Lyn/ basophils showed a substantial
increase in the expression of GATA-3 and a trend toward
increased c-maf (data not shown). Because increases in
GATA-3 expression can induce IL-4 production (Zhu et al.,
2006), we explored the expression of GATA-3 (protein) in spleen
basophils from WT or Lyn/ mice. GATA-3 expression was
enhanced in Lyn-deficient basophils (Figure 6A; Figure S9B).
This was also true for BM-derived cultured Lyn-deficient baso-
phils (Figure 6B) and Fc3RI engagement led to a further enhance-
ment of GATA-3 expression relative to WT cells. This mirrored
the constitutive and enhanced Th2 cell differentiation observed
in Lyn/mice (Figures 5A and 5B). In T cells, Fyn kinase appears
to be required for GATA-3 expression and IL-4 production aswell
as for Th2 cell differentiation (Cannons et al., 2004; Davidson
et al., 2004). Thus, we investigated the effect of Fyn deficiency
on basophil GATA-3 expression and on Th2 cell differentiation.
Fyn-deficient basophils showed a modest reduction in GATA-3
expression relative to WT basophils and a marked reductionImmunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc. 537
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Lyn Kinase in Th2 Cell DifferentiationFigure 5. Th2 Cell Skewing Is Driven by IgE-Dependent In Vivo Activation of Basophils and Not Mast Cells
(A and B) Splenocytes from WT and Lyn/ mice were harvested and restimulated (or not) for 4 hr with PMA and ionomycin. Splenocytes were labeled with
a fluorescent anti-CD4, fixed, and permeabilized, and then stained for intracellular IL-4 and IFN-g.
(A) Representative flow cytometric analysis of CD4+ cells from WT or Lyn/ mice showing IL-4-producing T cells in the absence of stimulation () and no
IFN-g-producing cells. Nonspecific restimulation (+) with PMA and ionomycin enhanced IL-4 production and initiated IFN-g production.
(B) Compilation of all individual experiments as in (A) for CD4+IL-4+ T cells.
(C) Similar experiment as in (A) and (B) but analyzing WT and Igh-7/Lyn/ mice for CD4+IL-4+ T cells.
(D) As in (B) and (C) but comparing basophil-depleted (Baso()) or not (Baso(+)) WT and Lyn/ mice for CD4+IL-4+ T cells.
(E and F)WSh/WSh orWSh/WSh-Lyn/mice were injected with rat anti-mouse IgE to stimulate basophils in vivo (20 hr) prior to ex vivo restimulation (+) or not ().
The same conditions as in (A) and (B) were used.
(E) Representative flow cytometric analysis showing CD4+IL-4+ producing cells after in vivo stimulation of basophils (). Restimulation (+) with PMA/ionomycin
showed CD4+ IFN-g+ T cells.
(F) Compilation of all results for CD4+IL-4+ T cells observed in experiments like (E).
(B, C, D, F) Statistical analysis was by an unpaired two-tailed Student’s t test (mean). *p < 0.05, **p < 0.01, ***p < 0.001.relative to Lyn/ basophils (Figure 6C; Figures S9A and S9B).
Fc3RI engagement of bone marrow-derived Fyn-deficient baso-
phils failed to induce the production ofGATA-3 (Figure 6D). Fyn/
mice had no basophilia and Fc3RI-induced basophil IL-4
production was modestly decreased (Figures S9C and S9D).
Consistent with these findings, Fyn/ mice were not constitu-
tively Th2 cell skewed; however, Th2 cell differentiation elicited
by PMA and ionomycin appeared to be relatively normal
(Figure S9E). Thus, the increased expression of GATA-3 in
Lyn/ basophils is consistent with their increased production
of IL-4 and the observed increase in Th2 cell differentiation. In
mast cells, Lyn has been shown to dampen Fyn-dependent
signals (Odom et al., 2004). Moreover, Fyn is essential for phos-
phatidylinositol 3-OH kinase (PI3K) activity (Gomez et al., 2005;
Parravicini et al., 2002). Thus, the constitutive and Fc3RI-
enhanced GATA3 expression in Lyn/ basophils might be due
to increased PI3K activity. Inhibition of PI3K activity by treatment538 Immunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc.of basophils with LY294002 effectively blocked GATA3 expres-
sion prior to and after Fc3RI engagement (Figure 6E). Concur-
rently, IL-4 production was also blocked by LY294002 in WT
and Lyn/ basophils (Figure 6F).
GATA3 expression in Lyn/ basophils could be due to
a developmental abnormality, or could be related or unrelated
to the Th2 cell skewing phenotype. Therefore, we analyzed
GATA3 expression in spleen basophils from Igh-7/Lyn/
mice, which showed a basosphilia but no Th2 cell skewing (Fig-
ure 5C; Figure S7). GATA3 expression in basophils from Igh-7/
Lyn/ mice was equivalent to that of WT cells (Figure S10A).
However, these cells were induced to express GATA3 by ex
vivo Fc3RI stimulation (Figure S10B) to amounts similar to that
of Lyn/ basophils (Figure 6B). Importantly, these conditions
also led to enhanced IL-4 production relative to WT basophils
(Figure S10C). Thus, the findings show that the enhanced
GATA3 expression and IL-4 production seen in Lyn/ mice
Immunity
Lyn Kinase in Th2 Cell Differentiationrequires IgE, demonstrating a functional rather than a develop-
mental alteration in basophil homeostasis.
Th2 Cell Skewing Impairs the Response of Lyn/ Mice
to a Th1 Cell Challenge
To assess the pathophysiological consequences of Th2 cell
skewing, WT and Lyn/ mice were infected with the pathogen
Toxoplasma gondii, a well-described model requiring a strong
Th1 cell response to reduce the cyst burden in the brain as
well as for survival, both aspects depending on IFN-g production
(Suzuki et al., 1988, 1989). Thus, this model would allow us to
determine whether Th1 cell responses were normal in Lyn/
mice. Seven days after T. gondii infection, we analyzed the
production of IFN-g in WT and Lyn/mice and found an almost
50% inhibition of its production in the absence of Lyn (Figure 7A).
At 4 weeks after infection, mice were killed and the cyst brain
burden was determined. As shown in Figure 7B, a significantly
higher number of cysts were present in the brain of Lyn/ versus
WT mice. These findings clearly demonstrate that Lyn/ mice
fail to generate an appropriate Th1 cell response to T. gondii.
Figure 6. GATA-3 Expression Is Increased
in Lyn/ Basophils, Decreased in Fyn/
Basophils, and Depends on PI3K Activity
(A) GATA-3 expression was determined by intra-
cellular staining of spleen basophils from WT and
Lyn/ mice and analyzed by flow cytometry.
Data presented are representative of three indi-
vidual experiments.
(B) IgE-sensitized BM-derived cultured (8 days)
basophils from WT and Lyn/ mice were stimu-
lated or not with 50 ng/ml DNP-HSA for 2 hr.
GATA3 expression was determined as in (A).
Data are expressed as a ratio of mean fluores-
cence intensity (MFI) for GATA3 staining versus
isotype control staining for each tested condition.
Per group, n = 3.
(C and D) Same experiments and conditions as
described in (A) and (B) with WT and Fyn/mice.
(E) Same experiments and conditions as
described in (B); however, cells were preincubated
for 30 min with 30 mM LY294002 (PI3K inhibitor) or
the same volume of vehicle (DMSO). GATA3 levels
were determined as in (A). Per group, n = 3.
(F) Same cells as in (E) but cells were incubated an
additional 2 hr in the presence of 10 mMmonensin.
IL-4 production by basophils was determined by
flow cytometry as described in Figure 3B.
(B, D, F) Graphs show statistical analysis by an
unpaired two-tailed Student’s t test (mean ±
SEM). *p < 0.05, **p < 0.01.
DISCUSSION
For many years, the initiation of T cell
subset differentiation was thought to
occur primarily through antigen-driven
maturation of dendritic cells into specific
phenotypes that promote T cell subset
differentiation (Reschner et al., 2008).
However, mouse studies have recently
revealed a key role for the basophil in Th2 cell differentiation
(Sokol et al., 2008) and humoral memory responses (Denzel
et al., 2008). Thus, basophils appear to be key regulatory cells
and dysregulation of their function could lead to abnormal
immune responses. Our studies on Lyn/ mice demonstrate
an increased proliferative response of Lyn-deficient basophils
in vitro, an in vivo basophilia, an enhanced basophil GATA-3
expression, and an IL-4- and IgE-dependent Th2 cell differentia-
tion in the absence of any exogenous challenge. Basophils from
Lyn/ mice were able to produce increased amounts of IL-4,
and challenge of these mice with a protease allergen demon-
strated enhanced TSLP amounts relative to their WT counter-
parts. This Th2 cell skewing results in an inadequate Th1 cell
response when Lyn/ mice are challenged with T. gondii.
Our findings showed that Lyn kinase dampened GATA-3
expression in basophils. In T cells, GATA-3 is thought to control
Th2 cell responses through the induction of Th2 cell cytokines,
the selective growth of Th2 cells, and inhibition of Th1 cell-
specific factors (Zhu et al., 2006). Thus, in Lyn/ basophils, an
increase in IL-4 production and an enhanced proliferation
mirrored the increased expression of GATA-3. In contrast, FynImmunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc. 539
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production, and Th2 cell differentiation (Cannons et al., 2004;
Davidson et al., 2004). This is consistent with our finding that
Fyn/ basophils showed a modest reduction of GATA-3 under
resting conditions, failed to elicit increased GATA-3 expression,
and had reduced levels of IL-4 secretion after Fc3RI stimulation.
In the mast cell, a close kin of the basophil, Lyn kinase has been
shown to dampen the activity of Fyn kinase, whose expression
drives PI3K activity and IL-4 production (Gomez et al., 2005;
Hernandez-Hansen et al., 2004; Odom et al., 2004; Parravicini
et al., 2002; Yamashita et al., 2007). Basophils also failed to
induce Fc3RI-mediated expression of GATA3 and to produce
IL-4 when PI3K activity was inhibited. These findings argue
that the interplay between Lyn and Fyn kinase in basophils is
a key determinant for the regulation of GATA-3 expression and
Th2 cell differentiation.
Lyn governs immune homeostasis as shown by the fact that
its loss led to an inappropriate response to an otherwise inert
immunogen (HSA) and to the production of HSA-specific IgE.
This strong global Th2 cell response likely explains the sponta-
neous (Odom et al., 2004) and exacerbated allergic phenotype
of Lyn/ mice seen upon antigen challenge (Beavitt et al.,
2005; Yamashita et al., 2007). Importantly, the spontaneous
Th2 cell skewing was IgE dependent and Lyn/mice are known
to develop high serum IgE concentrations within 5 weeks of birth
(Odom et al., 2004). This suggests the possibility that high
amounts of IgE could drive increased Th2 cell responses in the
absence of a defined antigen.
Denzel and colleagues (Denzel et al., 2008) showed that baso-
phils amplified both Th2 cell-associated IgG1 responses and
Th1 cell-associated IgG2a responses, thus raising the possibility
that basophils elicited both Th1 and Th2 cell responses. We
saw a similar effect upon restimulation of CD4+ T cells with
PMA and ionomycin, because both IL-4 (or IL-13) and IFN-g
production was observed. In contrast, in the absence of stimula-
tion, Lyn/ mice showed only IL-4- (or IL-13-) producing CD4+
Figure 7. Lyn/ Mice Show Impaired Production of IFN-g and Fail
to Mount an Appropriate Host Response to Toxoplasma gondii
Infection
Mice (WT or Lyn/) were infected with 20 cysts of the avirulent T. gondii strain
ME49 and analyzed for host responses during acute and chronic stages of
infection.
(A) At day 7, serum IFN-g was measured by ELISA.
(B) Host responses of chronically infected mice were assessed at week 4 by
quantifying the numbers of encysted bradyzoites in the brain.
Statistical analysis was by an unpaired two-tailed Student’s t test (mean ±
SEM). *p < 0.05, **p < 0.01.540 Immunity 30, 533–543, April 17, 2009 ª2009 Elsevier Inc.T cells, and the in vivo Fc3RI stimulation of basophils in the
context of mast cell deficiency (Wsh/Wsh or in Wsh/Wsh-Lyn/
mice) demonstrated the presence of only CD4+IL-4+ (or IL-13+)
T cells. This Th2 cell induction was reversed by basophil deple-
tion in both Lyn/ and Wsh/Wsh-Lyn/ mice without changing
the Th1 cell hyperreactivity after CD4+ T cell restimulation
in vitro. Thus, the findings argue that basophil activation and
Lyn deficiency contributes selectively to Th2 cell induction and
that the induction of IFN-g-producing CD4+ T cells is a conse-
quence of restimulation independently of basophils.
In humans, a reduced Lyn expression is seen in the basophils
from as much as 20% of the population (the so called ‘‘nonre-
leaser’’ basophil phenotype, sonamedbecauseofpoorhistamine
release) (Kepley et al., 1999; Lavens-Phillips and MacGlashan,
2000; Youssef et al., 2007). Markedly reduced amounts of both
Lyn and/or Syk kinase protein expression has been associated
with this basophil phenotype (Kepley et al., 1999). A recent study
(Gilmartin et al., 2008) comparing the inflammatory mediators
released from basophils of asthmatic and control subjects
demonstrates a trend toward increased numbers of blood baso-
phils in the asthmatic population and found that IL-4was themost
consistentlyexpressedcytokine in restingbasophils forbothpop-
ulations (Gilmartin et al., 2008). Our finding of a basophilia in the
Lyn/mouse is consistent with this observation, which together
withnormal IL-4productionalonecouldaccount for someTh2cell
differentiation. Treatment of basophils from control or asthmatic
subjects with IL-3, which regulates basophil function, was shown
to increase basophil IL-4 production for both groups (Gilmartin
et al., 2008).Moreover, IL-3 treatment of humanbasophils caused
the production of retinoic acid and Th2 cell differentiation of naive
human T cells (Spiegl et al., 2008). Thus, a role for basophils and
Lyn kinase inmodulating Th2 cell differentiation in humans seems
likely.
An intriguing aspect of this work, which remains to be
explored, is whether the observed Th2 cell skewing in the
absence of Lyn is contributory to the development of the
systemic lupus erythematosus (SLE)-like phenotype seen in
Lyn/ mice (Hibbs et al., 1995; Nishizumi et al., 1995). Autoim-
mune disease has traditionally, although not exclusively, been
associated with Th1 and Th17 cell responses (Dardalhon et al.,
2008). However, it has been demonstrated that B cells from
certain populations of SLE patients showed reduced Lyn expres-
sion (Flores-Borja et al., 2005), and this was associated with
increased ubiquitination of Lyn and heightened B cell prolifera-
tion and IL-10 production (Flores-Borja et al., 2005). Regardless,
our findings demonstrate that basophils and Lyn kinase are key
elements in determining the Th1-Th2 cell balance in vivo. Strat-
egies that increase or decrease Lyn activity in the basophil
compartment may be effective in controlling the Th1-Th2 cell
balance.
EXPERIMENTAL PROCEDURES
Mice
For the majority of experiments, littermate-matched mice (Lyn+/+ and Fyn+/+
referred to as WT, Lyn+/, and Lyn/, Fyn/) of mixed background
(129Sv 3 C57BL/6 (N6)) were used. As indicated, in some experiments
C57BL/6 and 129Sv Lyn+/+ and Lyn/ mice from Taconic (Germantown,
NY) were used. Il-4+/+ Lyn+/+ and Il-4/ Lyn/mouse strains were generated
as littermates on amixed background (C57BL/63 129Sv (N7)). Mice wild-type
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strains were generated as littermates on a mixed background (C57BL/6 3
129Sv (N4)). WSh/WSh-Lyn/ mice were generated by crossing a WSh/WSh
mouse with a C57BL/6 Lyn/ mouse and generating all four genotypes
needed for these experiments (WT, Lyn/, WSh/WSh, and WSh/WSh-Lyn/)
as littermates. Mice were maintained and used in accordance with National
Institutes of Health (NIH) guidelines and National Institute of Arthritis and
Musculoskeletal and Skin Diseases-approved animal study proposal A007-
03-01.
Antibodies and Reagents
DNP-specific mouse IgE was produced as previously described (Liu et al.,
1980). Rat antisera to mouse MCP-8 (mMCP-8) were previously described
(Poorafshar et al., 2000). All other antibodies and reagents were from commer-
cial sources and are described in Supplemental Experimental Procedures.
Reverse-Transcription and PCR Analysis
RNA from sorted cells was extracted by using Trizol reagent from Invitrogen
according to the manufacturer’s instructions. First-strand synthesis was
done with the SuperScript III first strand kit from Invitrogen with 0.8 mg of
RNA per reaction. Primers used for PCR are described in Table S1.
Cell Culture
For bone marrow-derived mast cells (BMMC) and basophil cultures, bone
marrow (BM) was isolated from 8- to 12-week-old mice by flushing out bone
marrow from tibias and femurs with cell culture medium. Cells were cultured
in both IL-3 and SCF (20 ng/ml each) as previously described (Parravicini
et al., 2002). For culture of peritoneal-derivedmast cells (PDMC) and basophils
see Supplemental Experimental Procedures.
Enzyme-Linked Immunosorbent Assays
Formeasurement of serum IgE levels, amouse IgE ELISA kit fromBethyl Labo-
ratories was used (Montgomery, TX). Thymic stromal lymphopoietin (TSLP),
IFN-g, and IL-4 levels were quantified with Quantikine ELISA kit from R&D
Systems (Minneapolis, MN). IL-13 ELISA kit was from eBioscience, Inc (San
Diego, CA). Histamine was measured with a competitive enzymatic immuno-
assay (EIA) kit from Beckman Coulter Immunotech (Miami, FL). All kits were
used according to the manufacturer’s instructions. For papain or HSA-specific
IgE detection, see Supplemental Experimental Procedures.
Flow Cytometry and Cell Sorting
Red blood cells were lysed with ACK lysing buffer (BioWhittaker, Walkersville,
MD) when needed and the indicated cell surface markers were detected after
incubation with CD16/32 blocking antibody 2.4G2 and a 30 min incubation
with the appropriate fluorophore-labeled antibody at room temperature.
Fc3RI was detected with MAR-1 (anti-Fc3RIa) antibody. Cells were sorted
with a MoFlo cell sorter (Dako Inc.; Carpinteria, CA), and samples at a purity
of at least 99.5% were used. All other flow cytometry acquisitions were
done with a FACSCalibur (BD Biosciences, San Jose, CA) and Cell Quest soft-
ware. Analysis was done with FlowJo software (Treestar Inc., Ashland, OR).
For intracellular staining, after staining of cell surface markers, cells were fixed
with 3.7% paraformaldehyde solution in PBS, permeabilized with permeabili-
zation buffer (PBS, 0.1% BSA, 0.05% saponin), and stained in the same buffer
with the indicated cytokine antibody. For CFSE staining, manufacturer’s
instructions were followed and a concentration of 10 mM of CFSE was used
for staining. Then cells were kept over 4 days under normal culture conditions
before flow cytometry analysis.
Ex Vivo Stimulation of Blood Basophils for IL-4 Measurement
Mice of 8–12weeks of age were used in these experiments. The day before the
experiment, mice were sensitized with 100 mg of anti-DNP monoclonal IgE
by retro-orbital injection. Blood samples were harvested by cardiac puncture
with heparin after animals have been euthanized by CO2 inhalation. Aliquots of
100 ml of blood were used for each condition. Blood was treated with 20 mg/ml
of rat anti-IgE (R35-92) (BD Biosciences) or 20 mg/ml of a rat IgG1 isotype
control for 4 hr (IL-4 release) at 37C (see Figure S4A). Plasma was harvested
and IL-4 measurement realized by ELISA.Papain or HSA Immunization and In Vivo Basophil Stimulation
For papain immunization, the protocol used was previously described (Sokol
et al., 2008). In brief, mice were injected in the left rear foot pad with 50 mg
of papain or HSA diluted at 1 mg/ml in PBS. Injections occurred on day 0
and day 14 of the experiment. Mice were bled from the tail vein on a weekly
basis and fluid was replenished after each bleed with 200 ml of saline injected
subcutaneously into the neck. For in vivo basophil stimulation, age- and sex-
matched WSh/WSh and WSh/WSh-Lyn/ mice were injected with 50 mg per
mouse of rat anti-mouse IgE (R35-92) by retro-orbital i.v. injection. Twenty
hours later, mice were euthanized and the spleen harvested for T cell analysis.
Ex Vivo Restimulation of Spleen T Cells and Analysis
Spleens from mice (of indicated genotypes) were homogenized and red blood
cells lysed in ACK lysing buffer (Biowhittaker). Splenocytes were then resus-
pended at 33 106 cells per ml in RPMI 1640 supplemented with L-glutamine,
10% FBS, 20 mM HEPES, 100 mg/ml streptomycin, and 100 U/ml penicillin
(all from Invitrogen). Nonspecific stimulation was with 40 nM PMA (phorbol
12-myristate 13-acetate; Sigma) and 400 nM ionomycin (Calbiochem) for
4 hr at 37C/5% CO2. For intracellular cytokine analysis, 10 mM monensin
(Sigma) was added to the unstimulated and stimulated cells 2 hr prior to the
end of the incubation period.
Basophil Depletion In Vivo
Mice were immunized intravenously three times with 100 mg of Fc3RIa
antibody (clone MAR-1, eBioscience) or isotype control, 144 hr, 120 hr, and
96 hr before the day of analysis. Depletion of basophils in the blood and
bone marrow was analyzed by flow cytometry with the monoclonal MAR-1
antibody. Experiments showed that Fc3RIa was available to rebind MAR-1
within 36 hr after injection (data not shown). All analysis for determination of
extent of depletion was done at a minimum of 72 hr after injection. This
approach was used because Lyn/ mice have elevated concentrations of
serum IgE, and thus their basophils express higher amounts of Fc3RI. Use of
a polyclonal anti-IgE for detection of Fc3RI would have considerably altered
the sensitivity of the assay favoring detection of Lyn/ basophils versus WT.
In Vivo Challenge with Toxoplasma gondii
Age-matched female WT and Lyn/ mice were challenged intraperitoneally
with 20 cysts of the avirulent ME49 strain of T. gondii. Serum was collected
at day 7 after infection, and inflammatory cytokines were measured to monitor
the acute immune response in vivo. The number of cysts within the brains of
4-week-old, chronically infected mice were also quantified. In brief, brains
were isolated and homogenized by sequential passage through 19- and
21-gauge needles, and cysts were counted microscopically.
Statistical Analysis
For all comparisons between two populations, unpaired two-tailed Student’s
t tests were performed. When three or more populations were compared,
a one-way ANOVA test was done first and, if significance was reached (p <
0.05), then an unpaired two-tailed Student’s t tests was performed between
each compared population, except when indicated. Data are reported as
a mean ± standard error of mean (SEM), ns., not significant, *p < 0.05, **p <
0.01, ***p < 0.001. Statistical analysis was performed with Prism software
(GraphPad Software, Inc., La Jolla, CA).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, ten
figures, and one table and can be found with this article online at http://
www.immunity.com/supplemental/S1074-7613(09)00144-7.
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